Drip irrigation technology has benefited several vegetable cropping systems (10, 14, 20, 25) . Principal advantages of drip over furrow or sprinkler irrigation methods for these crops include increased efficiency of water and fertilizer use and increased yield (10, 14, 20, 25) . In addition, use of subsurface drip irrigation has improved management of some plant diseases (26, 29) . Incidences of lettuce drop caused by Sclerotinia minor and corky root caused by Rhizomonas suberifaciens occurred at a lower rate under subsurface drip irrigation than under conventional furrow irrigation (29) . Lettuce downy mildew, however, was not consistently suppressed by the former irrigation method (26, 29) .
Most commercial potato crops in the western United States are irrigated using sprinklers, but potential benefits of drip irrigation are of interest to many growers. In the southern San Joaquin Valley of California, where most of the state's potatoes are produced, the majority of the crop is planted from early December to early March and harvested from April through early July. The crop requires frequent irrigations totaling 450 to 750 mm of water, and the soil is subject to excessive nutrient leaching. Longterm problems with availability and cost of water and agricultural contamination of groundwater by leached nitrates have focused attention on improved irrigation practices in California.
Stem rot caused by Sclerotium rolfsii is an important disease of several vegetable crops grown in the San Joaquin Valley, especially potato (9, 30) . In California, the disease tends to occur near the end of the spring potato season (i.e., late May through July) because the pathogen is most active at relatively warm temperatures (27 to 32°C) (30) . The infections may occur after the potato vines have died from natural senescence or preparation for harvest (30) .
Both tubers and stems are affected. Wet or moist periods following dry episodes are particularly conducive to infection by S. rolfsii (5, 22) . In California, stem rot of potato is managed principally by early planting and harvest to avoid the diseaseconducive temperatures and by preplant chemigation with metam sodium to reduce the initial inoculum density. Concerns about human exposure to metam sodium in the increasingly urban environment have raised interest in minimizing off-site drift of the biocide and improving alternative cultural approaches for management of soilborne pathogens.
We hypothesized that subsurface drip irrigation, which can maintain a relatively dry soil surface while supplying crop water requirements, would be less conducive than sprinkler irrigation to stem rot disease. It also was considered that drip systems could be used instead of sprinklers for preplant applications of metam sodium, thereby reducing risk of off-site drift of the biocide. Drip irrigation has been used experimentally on potato in several regions (3, (10) (11) (12) 19, 21, 25, 27 ), yet comparative effects of drip and conventional sprinkler irrigation on management of potato diseases remain largely unexplored. This study compared effectiveness of sprinkler and drip irrigation systems for applying metam sodium and determined effects of the irrigation systems on incidence and severity of stem and tuber rot caused by S. rolfsii on potato. We presented a portion of this work previously (6) and reported on related potato yield effects and engineering aspects of the research elsewhere (10) .
MATERIALS AND METHODS
Irrigation plots. Two concurrent irrigation experiments were conducted each of two years (1994 and 1995) at the Shafter Research and Extension Center near Shafter, CA. In addition to quantifying effects of drip and sprinkler irrigation methods on yield (10) , the experiments were designed to determine (i) relative efficacy of drip and sprinkler preplant applications of metam sodium and (ii) comparative effects of drip and sprinkler irrigation practices on incidence and severity of late-season stem and tuber rot caused by S. rolfsii. The irrigation plots were situated on Wasco sandy loam and had been planted to cotton in 1992 and potato in Drip and sprinkler systems were compared for effectiveness as preplant metam sodium chemigation systems and conduciveness to late-season development of stem rot disease on potato. Sclerotia of Sclerotium rolfsii were used in a bioassay to test efficacy of metam sodium treatments. Drip application of metam sodium (532 liters/ha, 32.8% a.i.) through lines at 7 cm of depth in preformed beds (depths from bed top unless stated otherwise) killed all test sclerotia at 15-, 30-, or 46-cm depths. Drip application of the metam sodium through drip lines at 41 or 46 cm of depth resulted in 0 to 17 or 68 to 80% survival, respectively, of test sclerotia at 15 cm of depth; but all the sclerotia at 30 or 46 cm of depth were killed. Compared with the drip applications, sprinkler chemigation with metam sodium generally treated beds less effectively (8 to 100% of sclerotia survived at 15 cm, 62 to 100% at 30 or 46 cm). On flat ground, drip and sprinkler chemigation (metam sodium, 560 liters/ha) performed equally (4, 37, and 77% survival at 15-, 45-, and 75-cm depths, respectively). After potato planting and artificial soil infestation with S. rolfsii (5 to 6 weeks before harvest), subsurface drip-irrigated plots (line depth of 41 or 46 cm) had lower incidence of stem rot disease at harvest (13 to 23% on tubers) than that in sprinkler plots (56 to 62%). The low incidence of disease was associated with relatively dry surface soil. Subsurface drip chemigation with metam sodium in preformed plant beds does not consistently eradicate S. rolfsii sclerotia near the upper bed surface but, in an arid climate, it is less conducive than sprinkler irrigation to development of stem rot disease of potato.
Additional keywords: chemical, cultural, integrated, Solanum tuberosum 1993. At field capacity, the soil holds of 0.09 to 0.11 kg of water per kilogram of dry soil, and the available water capacity is 0.05 to 0.08 kg of water per kilogram of dry soil; the soil's bulk density averages 1.62 g/cm 3 (W. R. DeTar and B. L. Sanden, unpublished). Experimental plots involving metam sodium and S. rolfsii treatments were nested within or superimposed on the irrigation plots, as described below.
In one of the 1994 tests, hereafter referred to as a small-plot experiment, all plots had single-row beds on 0.8-m centers, and the treatments included (i) nearsurface drip irrigation with drip lines installed within 7 cm beneath the bed tops, (ii) subsurface drip irrigation with the lines buried 46 cm beneath the bed tops, and (iii) sprinkler irrigation. After the beds settled, the near-surface drip tubing became exposed at many points along the beds. Each irrigation treatment was imposed on five 14.9-by 4.6-m replicate plots in randomized complete blocks. The drip lines (Ttape; T-systems Intl., San Diego, CA) consisted of 16-mm-inside-diameter drip tape with emitters spaced 30.5 cm apart. At 54 kPa, the emitter discharge rate was 1 liter/h. Each sprinkler plot was irrigated from two supply lines placed on the 14.6-m plot boundaries. The sprinklers (300 series part-circle stream rotor; The Toro Co., Riverside, CA) were mounted on the lines at plot corners and at 4.9-m intervals. At 238 kPa, they applied water at 18.1 mm/h.
In the other 1994 test, hereafter referred to as a large-plot experiment, irrigation treatments included (i) subsurface drip irrigation with one drip line placed 41 cm beneath the top of every single-row bed on 0.8-m centers, (ii) subsurface drip irrigation with one drip line centered 41 cm beneath the top of each double-row bed on 1.6-m centers, and (iii) conventional sprinkler irrigation with single-row beds on 0.8-m centers. Each irrigation treatment was imposed on seven 12.9-by 27.4-m plots in randomized complete blocks. The drip lines (Netafim Irrigation, Inc., Fresno, CA) were installed for potato in 1993 and consisted of semihard hose (13-mm inside diameter) with in-line labyrinth emitters spaced 46 cm apart (emitter discharge rate 2.5 liters/h at 170 kPa). Each sprinkler plot was irrigated from two supply lines placed along the 27.4-m plot boundaries. Each of the lines had sprinklers with rotary impact heads (part-circle adjustable; Rain Bird Sprinkler Mfg. Corp., Glendora, CA) mounted at plot corners and at 9.1-m intervals. At operating pressure (306 kPa), the sprinklers applied water at 9.2 mm/h. Distribution uniformity (DU) of water application in the sprinkler plots was 66%, which was identical to the average DU reported for commercial sprinkler systems in the San Joaquin Valley (18) . For sprinklers, DU is determined by measuring water amounts delivered to catch containers placed on a grid in the irrigated area; DU equals the average of the lowest 25% of amounts delivered to containers divided by the overall average of amounts delivered (15) .
The small-and large-plot irrigation experiments were repeated in 1995. The repeat small-plot experiment had six replicate plots per irrigation treatment in randomized complete blocks. The irrigation plots measured 6.5 by 9.1 m, and new drip tape with the same specifications as in 1994 was installed. The small-plot sprinkler water application rate was 17.3 mm/h with a DU of 78%. The repeat large-plot experiment was confined to six of the seven replicate blocks that were used in 1994, and the drip lines used in 1994 remained in place for 1995.
Preplant applications of metam sodium. After preparing the plant beds in 1994 and 1995, the irrigation systems and plots described above were used for preplant chemigation tests with metam sodium. In the small-plot chemigation experiments, the irrigation plots were split evenly to accommodate randomly assigned subplot treatments of metam sodium (532 liters/ha, 32.8% a.i. liquid formulation, continuously injected in 63 mm of water) and a control (63 mm of water alone). The small-plot chemigations were applied on 27 to 28 January 1994 and 3 February 1995. In the large-plot chemigation experiments, a nonchemical control was not feasible, and all irrigation plots received metam sodium (532 liters/ha in 63 mm of water). The large-plot chemigations occurred on 24 to 25 January 1994 and 2 February 1995. Efficacy of the large-and small-plot chemigations was determined with a bioassay, as described below.
An additional test of drip and sprinkler applications of metam sodium was conducted in a commercial field near Lamont, CA on flat ground before shaping plant beds. Treatments of metam sodium (560 liters/ha, 32.8% a.i. liquid formulation, in 76 mm of water) and a control (76 mm of water alone) were applied either by conventional sprinklers or by a surface drip system. Each treatment combination was applied to three replicate 13.7-by 27.4-m plots in a completely randomized design on 18 January 1995. Prior to treatment, the plots were cultivated with a harrow to produce a loose, smooth soil surface. Drip emitters were spaced 0.3 m apart along and between drip lines, which afforded nearly continuous wetting of the soil area. The drip system application rate was 17.8 mm/h. Sprinklers were spaced 9.1 m apart along lines and 13.7 m apart between lines. The sprinkler system application rate was 5.8 mm/h. Efficacy of the treatments was assessed with the bioassay described below.
Bioassays to determine efficacy of metam sodium treatments. Sclerotia of S. rolfsii were used to assay the effectiveness of the metam sodium treatments in the Shafter and Lamont plots. The sclerotia were produced on barley seed in 480-ml jars. In each jar, 30 ml of distilled water was added to 20 ml of dry barley seed. The medium was autoclaved on 2 or 3 successive days for 1 h at 121°C, inoculated with a mycelial plug from an acidified potato dextrose agar culture of the fungus, and incubated in darkness or subdued light for 1 month at 20 to 25°C. The sclerotia were separated from barley grains by dry sieving and mixed with sterile Wasco sandy loam (1:5, vol/vol). The infested soil was packaged into close-fitting nylon bags (10 ml per bag), which in turn were attached to nylon cords. Once loaded, each cord had a single bioassay bag or bags attached at one to three positions along its length according to treatment monitoring requirements described below.
The loaded cords were placed in the chemigation plots 1 day before applying the biocide. In the small-plot experiments at Shafter, two cords of bioassay bags were placed in each replicate metam sodium and water-control subplot. In the large-plot tests, two cords were placed in each metam sodium plot (there was no control). In the monitored plots, one of the cords in each bioassay cord pair was lowered into a freshly dug 8-cm-diameter vertical hole positioned in a plant bed, in line with a future plant row (in the bed center for single-row beds, 41 cm off the bed center for double-row beds); the other cord of each pair was positioned under a furrow adjacent to the monitored plant bed. The excavated soil was returned to the vertical holes around the cords and lightly tamped in the process, leaving bioassay bags buried beneath the bed tops at depths of 15 and 46 cm (1994) or 15, 30, and 46 cm (1995) and beneath the furrow bottoms at a depth of 15 cm. Depending on the experiment and whether plant-bed or furrow locations were being monitored, the cords were situated 0 to 1.6 m from the center of the chemigation plots.
For bioassays at Lamont, two cords with bioassay bags were placed in each 13.7-by-27.4-m plot. One cord of each pair was placed within 1.5 m of the plot center, and the other was placed 7 m away from the plot center and 1.5 m from one of the long plot boundaries. All of the cords were buried within 8-cm-diameter vertical holes as occurred at Shafter, except that each cord at Lamont had single bioassay bags buried at 15, 45, and 75 cm beneath the soil surface.
For each test, the buried bags were retrieved 3 weeks after metam sodium application, and the sclerotia were tested for viability. Ten sclerotia were randomly sampled from each bag, surface sterilized for 2 min in 0.5% NaOCl, rinsed in sterile water, and cultured on acidified potato dextrose agar. Germination of the sclerotia was used as the criterion of viability.
Potato culture. Potato plants were grown for stem and tuber rot evaluations in the Shafter irrigation-chemigation plots described above. In preparation, composted manure and gypsum were incorporated (each at 11,350 kg/ha) in all Shafter plots during November and December (in 1994 and 1995). Certified potato "seed" tuber pieces were planted in the plots 3.5 to 4.0 weeks after the metam sodium treatments were applied. Cultivars Russet Norkotah and White Rose were assigned randomly to splits of irrigation plots in the large-plot experiments, whereas only White Rose was planted in small-plot experiments. Plant spacing and culture were representative of local industry practice.
Fertilization and irrigation amounts and schedules were chosen in accordance with the appropriate commercial practice for each irrigation system, as described previously (10) . All irrigations and all post-plant applications of fertilizer were made to plots through the resident sprinkler and drip systems. Sprinkler irrigations usually were applied two times per week, while drip irrigations typically occurred daily. As full plant canopies developed, sprinklers typically applied 15 to 30 mm of water per irrigation, and drip systems typically applied 2 to 10 mm per irrigation. Irrigation control was automated, and amounts of water to apply were determined separately for each treatment according to class "A" evaporation pan measurements, crop-pan coefficients, irrigation system efficiencies, and confirmatory soil moisture monitoring (10) . The water application amounts were adjusted as required according to tensiometer and neutron probe readings in the irrigation plots. Total irrigation water amounts applied in 1994 (and 1995) to small-plot sprinkler, near-surface drip, and subsurface drip plots were 648 (631), 475 (461), and 488 (432) mm, respectively. The water amounts applied to the large-plot sprinkler, single-row subdrip, and double-row subdrip plots in 1994 (and 1995) were 696 (569), 472 (371), and 566 (422) mm, respectively. Tensiometer readings at the 46-cm depth in plant beds usually were maintained between 5 and 15 kPa tension in drip-irrigated plots and between 5 and 35 kPa tension in sprinkler-irrigated plots.
Effects of irrigation method on stem and tuber rot. Noninfested (control) subplots and subplots artificially infested with S. rolfsii were established within both of the small-plot experiments (1994 and 1995) and one of the large-plot experiments (1995) at Shafter. Each subplot was 1.6 m (two plant rows) wide and 1.5 m long and included from 11 to 23 (mean = 16) potato plants. The subplots were paired (one inoculated and one noninoculated) near the center of each irrigation plot in the middle two plant rows. A 1.5-m-long buffer area separated the noninfested and infested subplots of each pair and was used for sampling to determine soil water content (described below). In the small-plot experiments, one bed in each subplot had received preplant metam sodium; the other bed had served as a water control. In the large-plot experiment, one row in each soil infestation subplot had cv. Russet Norkotah, and the other had White Rose.
The inoculum of S. rolfsii for the infested subplots was prepared on barley seed as described above for the metam sodium test bioassays, except that, for the stem rot tests, sclerotia were not separated from colonized grains. The S. rolfsii and control subplots were inoculated on 25 May (1994 small-plot experiment) or 25 and 26 May (1995 small-and large-plot experiments). In each case, 10 ml of the colonized grain and sclerotia was mixed into soil at a depth of 0 to 4 cm and 4 to 6 cm away from the main stem of each plant in the subplots. Controls were treated in the same way, except with sterile grain.
At 4 to 5 weeks after soil infestation, incidence and severity of stem rot disease were determined for each noninfested and S. rolfsii-infested subplot. The main stem axis of each plant was lifted carefully and exposed with a hand-held digging fork. Each main stem was examined for necrosis combined with signs of stem rot disease (S. rolfsii mycelium or sclerotia). All tubers in the subplots were dug with the fork and inspected individually for incidence of the pathogen as indicated by S. rolfsii mycelium on the tuber surface. Severity of the disease was graded on each tuber according to a visual estimate of the percentage of the tuber surface covered by the mycelium as follows: 0 = no apparent S. rolfsii mycelium, 1 = up to 25% covered, 2 = 26 to 50% covered, 3 = 51 to 75% covered, and 4 = 76 to 100% covered.
Tubers harvested for yield evaluations at Shafter (10) also were observed for S. rolfsii mycelium associated with stem rot disease. In the large-plot experiments, tubers from two rows (each 27 m long) were harvested and inspected per irrigation method-cultivar subplot. In the small-plot tests, the tubers from one row (each 9 to 15 m long, depending on year) were harvested and inspected per replicate irrigation method-metam sodium subplot. All of these harvested rows were outside of the areas of artificially infested S. rolfsii or serving as a noninfested control. The tubers were inspected visually as they passed on a grading platform.
Soil temperature and moisture monitoring. In 1995, CR-10 microloggers (Campbell Scientific Inc.
[CSI], Logan, UT) were equipped with temperature probes (107B; CSI) to measure soil temperature at 15 cm beneath the top of plant beds at 30-min intervals. Two plots were monitored per irrigation treatment in the large-plot experiment, and one plot was monitored per treatment in the small-plot experiment. In addition, soil samples were collected to determine soil water content
kg) were collected two to three times per week in the buffer area between noninfested and S. rolfsiiinfested subplots.
Data analyses. For each experiment, analysis of variance (ANOVA) was completed using the MIXED procedure of SAS software (releases 7.00 and 8.00; SAS, Cary, NC). The ANOVAs for metam sodium experiments were conducted separately for sclerotia survival percentages from water-control and metam sodium plots. Those from control plots ranged mostly from 80 to 100% and were transformed by subtraction from 100 followed by conversion to square roots before ANOVA. The survival percentages from metam sodium-treated plots ranged from 0 to 100% and were arcsine transformed before ANOVA. For data from both control and metam sodium plots, ANOVA was conducted according to the split-plot design (main plots were chemigation plots, subplots were the positions of test sclerotia in soil). Nontransformed mean survival percentages are presented in tables with mean separation letters assigned according to 95% confidence intervals for the corresponding transformed data.
Data from the stem rot experiments were analyzed without transformation according to the split-plot designs. The main plot factor was always irrigation system, and the subplot factors, depending on experiment, included preplant metam sodium treatment, potato cultivar, and date of soil moisture sampling. Disease data from the S. rolfsii-infested subplots were analyzed separately from data from noninfested control subplots, because the latter had no stem rot disease. The CORR procedure of SAS was applied to data from Shafter to test for selected correlations among the variables of plant and tuber counts per plot, surface soil water content, and incidence and severity of stem and tuber infection by S. rolfsii. For all experiments, least square means were calculated and separated according to 95% confidence intervals where appropriate.
RESULTS
Bioassays to determine efficacy of metam sodium treatments. In watertreated control subplots of 1994 and 1995 small-plot metam sodium experiments at Shafter, mean survival of the S. rolfsii sclerotia buried in bags ranged from 82 to 100% and was not affected by year, position in soil, or method of water application (P = 0.24 to 0.86). In metam sodiumtreated plots of these experiments, however, the survival percentages were strongly affected by interaction between irrigation (chemigation) system and position in soil (P < 0.0001). In the biocidetreated plots, main and interactive effects (Table 1) . Subsurface chemigation through the drip tape was not effective at the 15-cm depth in beds (survival 68 to 80%) or under furrows (98 to 100%), but it eradicated sclerotia at the 30-and 46-cm depths in beds.
As in the small-plot tests, mean survival percentages for S. rolfsii bioassay sclerotia in the large-plot metam sodium tests were strongly affected by interaction between irrigation (chemigation) system and position in soil (P < 0.0001). Main and interactive effects of year on sclerotia survival were small or insignificant (P = 0.13 to 0.35). In the sprinkler-treated plots, most S. rolfsii test sclerotia placed in plant beds survived metam sodium application (survival 83 to 100%; Table 2 ), but those placed 15 cm under the furrows were eradicated. Conversely, in single-row subsurface drip plots treated with metam sodium, most bioassay sclerotia in the beds were killed (survival 0 to 17%), while most of those placed under furrows survived (82 to 100%). Doublerow subsurface drip applications of metam sodium generally were ineffective (survival 33 to 100%; Table 2 ).
In water-treated control plots of the Lamont metam sodium experiment, 92 to 100% of bioassay sclerotia survived, and there was no effect of application method (sprinkler or surface drip) or soil position (15-, 45-, or 75-cm depths) on survival (P = 0.33 to 0.97). In the Lamont plots treated with metam sodium, application method had no significant main or interactive effect on survival of test sclerotia (P = 0.27 to 0.86), but the depth in soil significantly influenced the survival (P = 0.0004). Although most of the sclerotia were killed at 15-and 45-cm depths, most of those at 75-cm depth survived (Table 3) .
Effect of irrigation method on stem and tuber rot. In the three Shafter irrigation experiments that involved soil infestation with S. rolfsii (1994 and 1995 smallplot tests; 1995 large-plot test), potato plants and tubers in the noninfested control subplots had no symptoms of stem rot disease and no signs of the pathogen. Simi- larly, no mycelium of S. rolfsii was detected on tubers harvested for yield evaluations from the areas outside of stem rot disease plots in Shafter irrigation experiments (1994 and 1995 small-and largeplot tests). In the subplots that were artificially infested with S. rolfsii, however, mycelial growth of the pathogen often became evident where the sites of infestation were moistened by irrigation. Incidence of stem infection by S. rolfsii in the infested subplots of small-plot experiments (1994 and 1995; Table 4 ) exhibited significant interaction between irrigation method and year (P = 0.005). Within both years, however, the infested subplots irrigated by subsurface drip had significantly lower incidence of stem infection by S. rolfsii (12 to 25%; Table 4 ) compared with those irrigated by near-surface drip or sprinklers (53 to 82%). There was a small effect of preplant metam sodium treatment on the incidence of stem infection in the infested subplots (P = 0.036). The incidence was lower on the sides of infested subplots that had received metam sodium before planting (mean 50%) than on the sides of the water-control treatment (mean 59%), but the 95% confidence intervals for the two means overlapped. There was no significant interaction of metam sodium with other treatment factors (P = 0.49 to 0.89). The number of potato plants per infested subplot (regardless of health status) was not affected significantly by irrigation method or interactions involving irrigation method (P = 0.39 to 0.79).
Incidence and severity of tuber infections caused by S. rolfsii in the infested subplots of small-plot experiments were affected by significant interaction between irrigation method and year (P = 0.002 to 0.015). The tuber disease data, however, did not exhibit significant main or interactive effects from preplant metam sodium treatment (P = 0.16 to 0.98). Infested subplots irrigated by subsurface drip consistently had much lower incidence of tuber infection (means of 17 and 23% in 1994 and 1995, respectively; Table 4 ) compared with those irrigated by sprinklers (means 61 to 62%). Furthermore, the subplots with subsurface drip consistently had lower tuber disease severity scores (means of 0.2 and 0.3 in 1994 and 1995, respectively) compared with those under sprinkler irrigation (1.0, both years). Tuber disease responses resulting under near-surface drip were less consistent than those for subsurface drip and sprinkler irrigation. For example, in 1994, near-surface drip-irrigated plots had relatively high incidence of tuber infection (53%) and tuber disease severity scores (mean 0.8) caused by S. rolfsii; these values were statistically equivalent to those from sprinkler plots and significantly higher than those from subsurface drip plots (Table 4 ). In 1995, however, nearsurface drip subplots infested with S. rolfsii had significantly less incidence of tuber infection by the pathogen (28%) and a lower mean tuber disease severity score (0.4) compared with the sprinkler plots.
There were 72 to 141 tubers per S. rolfsii-infested subplot in the small-plot experiments (range for 1994 and 1995). The number of tubers per subplot was affected by year (P < 0.0001) and irrigation method (P = 0.038). There were significantly fewer tubers per infested subplot in 1994 (mean 89) than in 1995 (mean 113) (P = 0.05), but the 95% confidence intervals overlapped for the mean number of tubers per infested subplot in sprinkler, near-surface drip, and subsurface drip treatments (93, 108, and 103, respectively). There were small but significant negative correlations between the number of tubers in the infested subplots and corresponding incidence of tuber infection (Pearson correlation coefficient r = -0.36, P = 0.04) and between the number of tubers and the tuber disease severity scores (r = -0.41, P = 0.02).
In the S. rolfsii-infested subplots of the large-plot experiment, irrigation method had highly significant effects on the stem and tuber disease parameters (P < 0.0001; Table 4 ). Single-and double-row subsurface drip irrigation both resulted in much lower incidences of stem and tuber infection (11 to 21%; Table 4 ) compared with the incidences under sprinkler irrigation (56 to 59%). Furthermore, both of the subsurface drip-irrigation treatments had smaller tuber disease severity scores (0.2 to 0.3; Table 4 ), compared with the sprinkler irrigation treatment (1.2). In the same infested subplots, potato cultivar did not affect incidence of stem infection (P = 0.29) and had a relatively small effect on incidence of tuber infection (P = 0.08). Severity scores for tuber infection were affected by potato cultivar (P = 0.01), but the 95% confidence intervals overlapped for mean tuber disease severity scores on Russet Norkotah and White Rose (0.7 and 0.4, respectively). There was no significant interaction between irrigation method and potato cultivar for the stem or tuber disease parameters (P = 0.23 to 0.85).
Irrigation method did not significantly affect the number of plants or tubers (regardless of health status) in the infested subplots of the 1995 large-plot experiment (P = 0.11 and 0.16, respectively), but subplot rows planted to Russet Norkotah had fewer plants and tubers (means 7.1 and 31.9, respectively) than those planted to White Rose (8.7 and 46.9, respectively) (P = 0.05). The plant and tuber counts did not exhibit significant cultivar by irrigation method interaction (P = 0.90 and 0.45, respectively).
Effects of irrigation method on soil temperature and moisture content. From the time of soil infestation with S. rolfsii to the time of tuber harvest and disease assessment, average daily soil temperatures at 15 cm of depth in plant beds of the 1995 small-plot experiment increased from 19 to 23°C (averaged across irrigation treat- ments). The daily mean soil temperature averaged 2°C cooler under sprinklers than under subsurface or near-surface drip irrigation. During the same period in the 1995 large-plot experiment, the average daily soil temperature increased from 19 to 24°C and averaged 1°C warmer under sprinklers than under single-and double-row drip treatments. During the 1994 and 1995 stem rot tests, soil water content at 0 to 4 cm of depth in plant beds was often higher in sprinkler or near-surface drip-irrigated plots than in subsurface drip-irrigated plots ( Fig. 1 A-C ; Table 4 ). The mean soil water contents, calculated for individual irrigation plots (i.e., the within-plot averages for the period between soil infestation and disease assessment) were correlated positively with the corresponding plot incidences of stem infection within infested subplots of each of the three stem rot experiments (r = 0.65 to 0.92, P = 0.0037 to <0.0001) and across all three of the tests (data combined, r = 0.82, P < 0.0001, Fig.  2A ). The mean soil water contents also were correlated positively with tuber infection incidences within the 1994 small-plot and 1995 large-plot tests (r = 0.73 to 0.83, P = 0.0006 to <0.0001), but not within the 1995 small-plot test (r = 0.32, P = 0.20); the correlation was significant for the pooled data from all three experiments (r = 0.67, P < 0.0001; Fig. 2B ). Similarly, the mean soil water contents were positively correlated with tuber infection severity scores in the 1994 small-and 1995 largeplot tests (r = 0.66 to 0.80; P = 0.003 to 0.0004), but not within the 1995 small-plot test (r = 0.29, P = 0.24); the overall correlation was significant (r = 0.53, P < 0.0001; not plotted).
DISCUSSION
We determined that, in California's San Joaquin Valley, subsurface drip irrigation is less conducive than conventional sprinkler irrigation or near-surface drip irrigation to development of potato stem and tuber rot caused by S. rolfsii. Subsurface drip irrigation with lines buried at 41 or 46 cm of depth consistently resulted in less disease caused by S. rolfsii compared with the other irrigation methods. This finding compliments our previous report (10) , which documented improved tuber yields and irrigation water savings with single-row subsurface drip irrigation compared with conventional sprinkler irrigation.
We also demonstrated feasibility and limitations of applying metam sodium through drip systems for preplant management of S. rolfsii. The sclerotia bioassay tests indicated that metam sodium applications through near-surface drip tape (Shafter) or surface drip tubing (Lamont) can effectively treat much of the soil that ultimately rests next to potato stems after planting. However, in soil naturally infested with S. rolfsii, potato planting operations can redistribute the pathogen after chemigation (i.e., conventional practices lift some soil from the furrow area onto the beds after planting). Therefore, without special precautions, inoculum redistribution after treatment could compromise the effectiveness of strip chemigations with metam sodium, such as those applied by drip at Shafter. Natural disease incidence in our trials was not sufficient to assess risk due to inoculum redistribution after chemigation. Our results clearly showed that metam sodium applications through widely spaced or deeply placed drip lines (as used for the double-row and 46-cm subsurface drip treatments, respectively) result in poor or inconsistent control of S. rolfsii sclerotia in upper parts of plant beds. Only drip tubing buried at least 41 cm was deep enough to escape mechanical damage by the potato digger at harvest, allowing use of the tubing for multiple seasons.
Previous reports have demonstrated important effects of irrigation method and drip line placement on incidence and severity of soilborne diseases of other crops. For example, subsurface drip irrigation reduced incidence of lettuce drop and kept inoculum density of Sclerotinia minor relatively low compared with furrow irrigation (29) . With peppers, subsurface placement of drip lines reduced incidence and severity of Phytophthora root rot compared with placement of drip lines at the surface and near the plant row (7) .
Drip treatments with metam sodium have produced mixed results in other cropping systems. For example, Roberts et al. (24) reported that drip application of metam sodium in strips on plant beds controlled Pythium ultimum, Fusarium sp., Meloidogyne incognita, and M. javanica on carrots and tomatoes. On the other hand, Fusarium crown and root rot on tomato was not controlled by preplant drip treatments with metam sodium, whether the applications were made before or after forming plant beds (17) . Fig. 1 . Effect of irrigation method on soil water content at 0-to 4-cm depths in plant beds at Shafter during stem rot tests; A, 1994 small-plot experiment; B, 1995 small-plot experiment; and C, 1995 large-plot experiment. There were five to six replicate samples per data point, depending on experiment. In the small plots, drip irrigation (DI) lines were buried at 0 to 7 cm (near-surface DI) or 46 cm (subsurface DI) beneath the top of single-row beds. In the large plots, DI lines were 41 cm beneath the top of single-row or doublerow beds (subsurface DI, one-row; or subsurface DI, two-row; respectively).
Fig. 2.
Correlation of mean soil moisture contents at 0-to 4-cm depths in plant beds at Shafter with incidence of A, stem infection (r = 0.82, P < 0.0001) and B, tuber infection (r = 0.67, P < 0.0001) by Sclerotium rolfsii. Each symbol indicates the values determined in one irrigation plot during a stem rot disease experiment. The soil water contents are averages based on two to three samples per week, taken during the period between soil infestation with S. rolfsii (at 5 to 6 weeks before harvest) and disease assessment at harvest; "S.p." and "L.p." indicate values from small-and large-plot experiments, respectively. In the small plots, drip irrigation (DI) lines were buried at 0 to 7 cm (near-surface DI) or 46 cm (subsurface DI) beneath the top of single-row beds. In the large plots, DI lines were 41 cm beneath the top of single-row or double-row beds (subsurface DI, one-row; or subsurface DI, tworow; respectively).
In our experiments, effects of the application methods on efficacy of the metam sodium treatments were consistent with the biocide's known behavior in soil. Metam sodium does not diffuse far in vapor phase through soil, but it can be carried effectively in water solution through the soil (13, 16, 28) . In our tests, sclerotia of Sclerotium rolfsii tended to survive where the soil was not wetted by chemigation, as would be expected due to the limited movement of metam sodium in vapor phase. Field observations in the Shafter chemigation experiments indicated that the deep subsurface drip applications failed to wet much of the soil near the top of the beds or under the furrows. Conversely, the sprinkler applications in the same tests tended to run off plant beds and accumulate in furrows, and this apparently interfered with delivery of the biocide to sclerotia at the deep positions within the beds. The Shafter chemigations with near-surface drip tubing effectively reached all test depths below the lines, giving complete control of sclerotia located there. At Lamont, the relatively close spacing of drip emitters and the loose, flat soil surface improved uniformity of surface drip and sprinkler applications of metam sodium, as evidenced by the death of most test sclerotia at the 15-cm depth.
Fumigants such as emulsified chloropicrin or chloropicrin/1,3-D mixtures may be more effective than metam sodium for treating plant beds using subsurface drip tubing. Recent research with strawberries demonstrated the utility of drip chemigation with the former two materials, which both have greater potential than metam sodium for vapor phase movement beyond the wetted zone after application by drip (2) .
In the work reported here, relatively low incidence of stem infection caused by S. rolfsii was associated with relative dryness of the surface soil. Although the subsurface and near-surface drip plots were irrigated at the same frequency and with similar amounts of water, only the subsurface drip treatment, which resulted in relatively dry surface soil, had lower incidence of stem rot compared with that in sprinkler plots. These results are consistent with previous reports that moist conditions favor infection by S. rolfsii (1, 5, 22, 23, 31) . It is possible that additional factors other than surface soil water content affected tuber disease variables. For example, nearsurface drip and sprinkler irrigation resulted in similar surface soil water contents during stem rot experiments but, in 1995, tuber disease incidence and severity were lower with the former irrigation method than with the latter. Our data provided no evidence that the irrigation method effects on stem rot disease parameters were mediated through associated effects on soil temperature or the number of potato plants or tubers per plot. In the case of lettuce drop, disease suppression provided by subsurface drip irrigation compared with furrow irrigation was associated with surface-soil dryness (29) , but there was no evidence for microbial mediation of the effect (4) .
During the late spring and early summer, the arid climate of the southern San Joaquin Valley contributes greatly to the observed capability of subsurface drip to meet crop water needs while maintaining a relatively dry soil surface. During May and June, typical reference evapotranspiration for Shafter totals 360 mm (California Irrigation Management System, online averages for Shafter), but the area's average rainfall during the period is only 6 mm (30-year averages for Wasco, University of California Statewide Integrated Pest Management Project, online climatic averages). During this period, therefore, crop water use tends to result in a dry soil surface unless the ground is wet from above by irrigation, as occurs with sprinklers. Suppression of stem rot by subsurface drip irrigation may not occur in regions where rainfall frequently wets the soil surface during warm temperatures that are conducive to the disease. With stem rot on peanut, Davis et al. determined that irrigation increased area under the disease progress curve for aboveground stem lesions in a relatively dry year but not in a relatively wet year (8) .
Many factors affect the economic utility of irrigation systems, including system and water costs, water availability, crop yield and value, crop rotations, and policies regulating chemigation. For potato, the higher initial expense of drip irrigation systems compared with sprinklers is an important factor. Nevertheless, at least some of the initial cost of drip systems can be offset by irrigation water savings and marketable yield increase (10) , and we demonstrated, in the large-plot experiments, that subsurface drip tubing can be left in place for multiple potato crops, thereby further lessening the drip system cost burden. The results reported here indicate that, in the San Joaquin Valley, subsurface drip irrigation improves cultural management of stem rot disease while providing a means for partial preplant control of the pathogen using chemigation. The information should aid future assessments of drip systems for potato and its rotation crops.
